Abstract Flavoprotein autofluorescence imaging, an intrinsic mitochondrial signal, has proven useful for monitoring neuronal activity. In the cerebellar cortex, parallel fiber stimulation evokes a beam-like response consisting of an initial, short-duration increase in fluorescence (on-beam light phase) followed by a longer duration decrease (on-beam dark phase). Also evoked are parasagittal bands of decreased fluorescence due to molecular layer inhibition. Previous work suggests that the on-beam light phase is due to oxidative metabolism in neurons. The present study further investigated the metabolic and cellular origins of the flavoprotein signal in vivo, testing the hypotheses that the dark phase is mediated by glia activation and the inhibitory bands reflect decreased flavoprotein oxidation and increased glycolysis in neurons. Blocking postsynaptic ionotropic and metabotropic glutamate receptors abolished the onbeam light phase and the parasagittal bands without altering the on-beam dark phase. Adding glutamate transporter blockers reduced the dark phase. Replacing glucose with lactate (or pyruvate) or adding lactate to the bathing media abolished the on-beam dark phase and reduced the inhibitory bands without affecting the light phase. Blocking monocarboxylate transporters eliminated the on-beam dark phase and increased the light phase. These results confirm that the on-beam light phase is due primarily to increased oxidative metabolism in neurons. They also show that the on-beam dark phase involves activation of glycolysis in glia resulting in the generation of lactate that is transferred to neurons. Oxidative savings in neurons contributes to the decrease in fluorescence characterizing the inhibitory bands. These findings provide strong in vivo support for the astrocyteneuron lactate shuttle hypothesis.
Introduction
Flavoprotein autofluorescence is strongly coupled to neuronal activation and provides one approach to study neurometabolic coupling [1] [2] [3] [4] [5] [6] . This intrinsic signal reflects changes in the oxidation/reduction (redox) state of flavoproteins located primarily in mitochondrial enzyme complexes [7] [8] [9] [10] [11] . These include, but are not limited to, non-nicotinamide adenine dinucleotide (NAD)-linked succinate dehydrogenase associated with complex II of the electron transport chain (ETC) and NAD-linked lipoamide dehydrogenase, both of which oxidize and reduce flavin adenine dinucleotide (FAD). Lipoamide dehydrogenase is in equilibrium with the mitochondrial NAD + /NADH pool and FAD is reduced as substrates are decarboxylated; for example, the decarboxylation of pyruvate to enter the tricarboxcylic acid (TCA) cycle [12] [13] [14] . Flavoproteins are also reduced by NADH generated by cytoplasmic glycolysis that can be transferred across the mitochondrial membrane via the malate-aspartate shuttle [15] .
The astrocyte-neuron lactate shuttle hypothesis (ANLS) argues that neurons and astrocytes are metabolically coupled, with the oxidative metabolism of lactate dominating in neurons during glutamatergic excitatory neurotransmission [16] . The ANLS hypothesis also postulates that the glutamate released activates astrocytes via excitatory amino acid transporters (EAATs), leading to increased glycolysis and lactate generation that is shuttled to neurons to fuel oxidative metabolism. Monocarboxylate transporters (MCTs) on both the astrocytes and neurons play central roles in the shuttling of the lactate between these two cell populations [17] [18] [19] . Although the earliest formulations of the ANLS predicted lactate production from the onset of neuron activity [16] , subsequent interpretations and results emphasize a temporal segregation with the first step being oxidative metabolism in neurons followed by an increase in glia glycolysis [20] [21] [22] . Considerable evidence has been marshaled in its support [22] [23] [24] [25] ; however, the ANLS hypothesis remains controversial [6, [26] [27] [28] . Tests of the ANLS hypothesis in vivo are needed [29] [30] [31] . Imaging the changes in flavoprotein or NADH fluorescence in response to neuronal activation provides one approach to evaluate this important concept in vivo.
The cerebellar cortex with its highly spatially specific and stereotypic circuitry provides an ideal system to examine the changes in flavoprotein fluorescence [32] . Parallel fiber stimulation evokes a beam-like response consisting of an initial, short-duration increase in fluorescence (on-beam light phase), followed by a longer duration decrease in fluorescence (on-beam dark phase) [1, 2, 33] . Parallel fiber stimulation also evokes parasagittal bands of decreased fluorescence that intersect the beam orthogonally [33] . These inhibitory bands are due to postsynaptic, GABAergic inhibition generated by molecular layer interneurons [33, 34] . The inhibitory bands have both on-and off-beam components. Among these three response components, onbeam light phase, on-beam dark phase, and the inhibitory bands, previous results suggest that the light phase is primarily mediated by the activation of the postsynaptic targets of the parallel fibers [1, 2, 35] . Less is known about the mechanisms underlying the dark phase and the inhibitory bands.
Therefore, this study focused on the cellular and metabolic substrates underlying the on-beam dark phase and the inhibitory bands, testing two hypotheses based on the ANLS. The first hypothesis is that the dark phase is mediated by the activation of cerebellar glial cells by glutamate released from the stimulated parallel fibers. The activation of EAATs would trigger glycolysis in glia and the production of reducing equivalents that would decrease flavoprotein fluorescence. In the hippocampal slice, the transients in NADH fluorescence due to glutamatergic excitatory synaptic transmission are consistent with this view [22] . There is some evidence from in vivo studies that support this view but each has limitations. Because blocking AMPA receptors does not completely block the dark phase, this leads to the suggestion that glia may be involved [1, 2] . However, these early studies did not separate a possible contribution to the dark phase from the inhibitory bands that are generated by molecular layer interneurons [36] . Nor did they investigate the possible contributions of other glutamate receptors including metabotropic glutamate receptors (mGluRs) and N-methyl-D-aspartic acid (NMDA) receptors [37, 38] . In addition, the glial toxin, fluoroacetate, suppresses the dark phase [35] . However, fluoroacetate also reduces the light phase, although to a lesser degree than the dark phase.
Little is known about the metabolic mechanisms underlying the fluorescence decrease characterizing the inhibitory bands [33] . Inhibitory activity can decrease metabolic demand by reducing neuronal activity or increase energy expenditure due to the release of neurotransmitters and the need to restore ionic gradients [39, 40] . Therefore, the inhibitory bands could reflect decreased oxidative metabolism as a result of neuronal hyperpolarization and/or increased glycolytic activity due to energy expenditure in neurons and/or glia. However, GABA uptake by glia does not induce a metabolic response [41] , leading to the second hypothesis that the inhibitory bands reflect decreased flavoprotein oxidation and increased glycolysis in neurons. We tested these two hypotheses by examining the effects of blocking glutamate receptors and transporters, manipulating extracellular glucose, lactate and pyruvate, and blocking MCTs on the flavoprotein response to parallel fiber stimulation in vivo.
Materials and Methods

Animal Preparation
All animal experimentation was approved by the Institutional Animal Care and Use Committee of the University of Minnesota and conducted in conformity with the American Physiological Society's Guiding Principles for the Care and Use of Animals in Research. Adult male FVB mice (Charles River Laboratories, Wilmington, MA) ages 3-8 months were anesthetized by intramuscular injection of 2 mg/kg of acepromazine as an inducing agent followed by a series of intraperitoneal injections of urethane solution totaling 1.8 mg/kg. Animals were mechanically ventilated, placed in a stereotaxic frame and body temperature was feedback-regulated through a rectal temperature probe connected to a heating pad. The electrocardiogram was continuously monitored to assess the depth of anesthesia. A craniotomy was used to expose Crus I and II, and a watertight chamber of dental acrylic was built up around the exposed cortex and filled with an artificial Ringer's solution gassed with 95% O 2 and 5% CO 2 . The flavoprotein signal depends on the availability of oxygen, and the 95% O 2 contributes to maintaining a large and robust flavoprotein signal. Prior attempts to examine the flavoprotein signal in anesthetized animals or in vitro failed to show a sizable signal because the animals were not respirated and tissue was not bathed in oxygenated media (see [35] ). We would also point out that the flavoprotein signal is present in the awake, unanesthetized animals [42, 43] , demonstrating that the 95% O 2 is not producing artificial or nonphysiological signals. Furthermore, prior experiments demonstrate that cerebral blood flow and cerebral blood volume changes have very little impact on the signal in this preparation, and are typically at least two orders of magnitude less than the flavoprotein signal [1] . The bathing media used in the optical chamber was the primary means of supplying or altering metabolic substrates such as glucose.
In some experiments, drugs or other compounds were added to the Ringer's solution and perfused into the chamber. The pharmacological agent or substrate change of the chamber superfusate was typically over 20-30 min and followed by washout with control Ringer's. This included the AMPA receptor antagonist DNQX (6,7-dinitroquinoxaline-2,3-dione disodium salt), the mGluR 1 antagonist LY367385, the NMDA antagonist D-(−)-2-amino-5-phosphopentanoic acid (APV), the glutamate transport blocker threo-β-benzyloxyaspartate (TBOA) and the MCT blocker α-cyano-4-hydroxycinnamate (4-CIN). In some experiments, sodium lactate (1 to 10 mM) and sodium pyruvate (10 mM) were added to the Ringer's solution, either as a substitute for, or in addition to, the glucose in the Ringer's. Also, in a series of experiments, glucose was removed from the Ringer's.
Optical Imaging and Analysis
Images of the cerebellar surface were acquired using a modified Nikon epifluorescence microscope fitted with a ×4 objective and a Quantix-cooled charge-coupled device camera with 12 bit digitization (Roper Scientific, Tucson, AZ). A 100-W mercury-xenon lamp (Hamamatsu Photonics) powered by an Opti Quip power supply was used as the light source. Flavoprotein autofluorescence imaging used a band pass excitation filter (455±35 nm), an extended reflectance diachroic mirror (500 nm), and a >515-nm-long pass emission filter [1] . The images were binned 2×2 for image frames of 265×256 pixels, resulting in a final pixel resolution of~10 μm×10 μm. A typical acquisition protocol included a series of 20 control frames followed by series of 150 to 500 experimental frames, with an exposure time of 200 ms for each frame. A series of four sequential trials were averaged to facilitate imaging smaller amplitude inhibitory responses. Parallel fiber stimulation was initiated at the onset of the experimental frames using a paralyene-coated tungsten microelectrode (1-3 MΩ) placed just below the cerebellar surface. The stimulation parameters consisted of a train of 100 μA, 100 μs pulses at 10 Hz for 10 s [1, 33] .
The first step in the analyses of the optical signals was to generate a series of difference images by subtracting the average of 18 control frames just prior to stimulation onset (referred to as the control average) from each control and experimental frame. These difference images were then divided by the control average, resulting in images in which the intensity value of each pixel reflects the ΔF/F change in fluorescence intensity in percent relative to the average of the control frames.
To quantify the amplitude and time course of the different on-and off-beam components of the autofluorescence signal, a series of regions of interest (ROI) were defined ( Fig. 1) . In our original characterization of flavoprotein autofluorescence changes in response to parallel fiber stimulation [1] , the analysis of both the on-beam light phase and dark phase did not take into account the inhibitory bands and that these bands cross the beam [33] . In that initial study, the inhibitory bands had not been found and the entire beam was treated as an ROI, including the contributions from the inhibitory band in the on-beam light-phase response. Therefore, to dissect out the cellular and metabolic mechanisms, the present study defined separate ROIs for the off-beam component of the inhibitory bands and for segments of the on-beam response that are independent of the inhibitory bands. For both the light and dark phases of the on-beam response, the ROI consisted of region(s) on the beam that were positioned between the inhibitory bands (Fig. 1a) . This was done to remove any contribution from the inhibitory bands to either the light or dark phase of the on-beam response. Next, the average ΔF/F within the ROI was calculated for each frame in the series. One or two regions in the exposed cerebellar cortex but outside of the beam/band area were used as control regions. The ΔF/F in these control regions were calculated and subtracted from the ROIs to correct for fluctuations in background fluorescence. To ensure that the regions measured did not change with brain movement, the ROIs were aligned to the blood vessel pattern rather than to precise pixel locations.
The time course of the average ΔF/F from each ROI was determined and used to define the amplitude of the response. The amplitude of the light phase was defined as the average ΔF/F over a 5-s period centered on the time of peak increase in fluorescence following stimulation. The amplitude of the on-beam, dark phase response was defined as the average ΔF/F over a 5-s period centered on the time of maximal decrease in fluorescence (typically 30-35 s after stimulation onset). To quantify the inhibitory bands, ROIs were defined for each of the patches of decreased fluorescence off the beam (Fig. 1) , again determining the average ΔF/F within the ROI for each frame and averaging the 5-s period centered on the maximal decrease. If multiple ROIs of the same type were defined within a single experiment, such as the on-beam light phase or inhibitory bands, the ROIs were averaged and treated as a single value. The significance of the effects of the different drugs/ metabolic substrates on the amplitudes of the optical responses components compared to the control period was evaluated with an ANOVA using a within-subject design. Population results are expressed as mean±SD and "n" refers to the number of animals studied.
For the displayed images, a series of 25 frames were averaged together to better display the smaller amplitude inhibitory bands. To display the on-beam increase in fluorescence (light phase) and the inhibitory bands in the same image, the frames during the latter part of the light phase peak and during the early transition (typically 5-10 s after stimulation onset) were averaged together. To display the on-beam dark phase, frames around the maximum decrease in fluorescence were averaged. The images were scaled to ±1.5% ΔF/F, and presented as gray-scale or pseudocolored images. The ΔF/F time courses were lowpass-filtered (0.5 Hz) for display.
The dose-response curves for lactate were generated by fitting the amplitudes of the response in the different concentrations of lactate to the following equation:
In which Y is the vector of amplitudes normalized to the amplitude obtained in Ringer's, X is the vector of lactate concentrations, a is the natural log of the EC 50 and K is a slope factor for the function [44] . The dose-response curves were calculated for the light and dark phases and the inhibitory bands. In all cases, the p value for the fit was less than 0.01 (F test). Plots were then constructed showing the fit function as a line with the mean and standard deviation of each signal component at the different concentrations overlaid on top.
Field Potential Recordings
Field potential recordings in the molecular layer of the responses to parallel fiber stimulation provided an electrophysiological assessment of the status of the cerebellar cortical circuitry and whether the pharmacological agents altered the parallel fiber-Purkinje cell circuitry. For many of the agents used, it was important to demonstrate that the excitability was not altered (e.g., pyruvate and lactate) and for other agents that the postsynaptic response was blocked but the presynaptic activity was not effected (e.g., glutamate receptor antagonists). The field potentials were recorded using conventional techniques and glass microelectrodes (2 M NaCl, 2-5 MΩ). The recordings were digitized at 25 kHz and averaged (responses to 16 single parallel fiber stimuli at 1 Hz). The P 1 /N 1 component was used as a measure of the presynaptic responses and the N 2 component as a measure of the postsynaptic response [1, 32, 33] . As with the optical responses, the field potentials were monitored in each of the three periods (control, drug, and washout). In each period, the parallel fiber stimulation occurred four to six times and the field potentials were recorded for each. Because the amplitude of the parallel fiber volley and postsynaptic response varied among animals, for each animal, the responses in the control period were averaged and the average expressed as 100%. The P 1 /N 1 and N 2 components in the experimental and washout periods were normalized to the control period. The statistical analysis and reporting of the population results for the field potentials is as described for the optical responses.
Results
Effects of Glutamate Receptor Antagonists and Excitatory Amino Acid Transporter Blockers
The first hypothesis tested was that the on-beam light phase evoked by parallel fiber stimulation is primarily due to neuronal activation resulting in an increase in oxidative metabolism and that the later dark phase is primarily due to glial activation resulting in glycolysis. The initial experiment involved blocking the postsynaptic neuronal activation. At parallel fiber-Purkinje cell synapses, AMPARs are the primary postsynaptic ionotropic glutamate receptors and mGluR 1 receptors are the primary postsynaptic metabotropic receptors on Purkinje cells [45] [46] [47] . At parallel fiberinterneuron synapses, there are AMPA, NMDA, and mGluR receptors [37, 38] . Previously, we showed that CNQX blocks 92% of the light phase but only 51% of th dark phase. However, these initial findings were based on quantifying the light and dark phases along the entire beam. This analysis inadvertently overestimated the effect of the AMPA antagonist on the dark phase due to inclusion of the on-beam component of the inhibitory bands. The CNQX markedly reduces parallel fiber activation of the inhibitory neurons as well as parallel fiber-Purkinje cell synaptic transmission [37, 38] and therefore, would have suppressed the inhibitory bands (see Fig. 4 ). Also, by only using an AMPA receptor blocker, the contribution of mGluR 1 and NMDA receptors to either the light or dark phase was not evaluated.
Therefore, to determine the combined effect of AMPA, mGluR 1 , and NMDA receptors, we tested the effect of a cocktail of glutamate receptor blockers that included AMPA (DNQX, 100 μM), mGluR 1 (LY367385, 200 μM), and NMDA antagonists (APV, 250 μM). Also, we restricted the analysis of the dark phase to the decrease in fluorescence occurring on-beam and between the inhibitory bands (see "Materials and Methods" and Fig. 1 ). Most importantly, the on-beam dark phase was not altered as seen in the example images (Fig. 2a) and time courses (Fig. 2b) .
At the population level, there was no significant effect on the dark phase (−0.47±0.16% to −0.34±0.12% ΔF/F, F (1,4)=3.3, p=0.11, n=5, Fig. 2c ). Conversely, this combination of antagonists essentially eliminated the on-beam light phase (Fig. 2a-c) . On average, the light phase was reduced from 1.17±0.43% to 0.09±0.04% ΔF/F (F(1,4)= 18.0, p=0.003, Fig. 2c) .
These results are consistent with the hypothesis that the increase in the on-beam flavoprotein fluorescence is due primarily to an increase in oxidative metabolism resulting from the activation of glutamate receptors on Purkinje cells [1, 35, 48] . However, the on-beam dark phase when isolated from the inhibitory bands is not dependent on the activation of postsynaptic glutamate receptors. As reasoned above, these findings suggest that our initial estimate of a large AMPA contribution to the dark phase likely reflects the inclusion of the on-beam inhibitory bands in the dark phase [1] . The results also demonstrate that the on-beam light and dark phases are generated by separate mechanisms.
The inhibitory bands were also completely suppressed by the combined antagonists, as shown in the example image (Fig. 2a) , time courses (Fig. 2c) , and population data (−0.20±0.10% to −0.01±0.02% ΔF/F, F(1,4)=11.4, p= 0.009, Fig. 2d ). This confirms that the inhibitory bands are neuronal in origin [33, 34] and reflects the block of activation of the molecular layer interneurons [37, 38] . These results also show that the decrease in fluorescence of the inhibitory bands is independent from the on-beam dark phase and that the metabolic and/or cellular components that produce the reduction in flavoprotein fluorescence are different.
Finally, previous electrophysiological recordings demonstrate that ionotropic GluR antagonists (CNQX and DNQX) completely suppress the postsynaptic response and the presynaptic volley is unaffected (see also Fig. 4 ) [43, 48] . Therefore, the decreases in the on-beam light phase and the inhibitory bands are not due to changes in the presynaptic parallel fiber activity. With washout, there was substantial recovery of the on-beam light phase and the inhibitory bands. Although not complete, this degree of recovery is similar to that observed in previous studies and not unexpected with the use of three antagonists [1, 48] .
The independence of the on-beam dark phase from the light phase is consistent with a glial cell origin, in which the activation of glutamate transporters increases glycolysis and the production of reducing equivalents [16, 22, 49] . To test this component of the first hypothesis further, the non-transportable EAAT blocker, TBOA [50] , was added to the Ringer's (Fig. 3) . At the initial concentration used (300 μM), TBOA will block all EAAT subtypes, including the EAAT 1 (GLAST) and EAAT 2 subtypes on Bergmann glia and EAAT 3 and EAAT 4 subtypes on Purkinje cells [51, 52] .
TBOA had rather marked and complex effects on the flavoprotein responses to parallel fiber stimulation. The first and unexpected action of TBOA was to accentuate the inhibitory bands as evident from the example experiment ( Fig. 3a and b) . The amplitude of the inhibitory bands increased significantly by 87% (from −0.16±0.08% to −0.30±0.08% ΔF/F, F(1,4)=9.6, p=0.04, n=5, Fig. 3b ). The accentuation of the inhibitory bands is likely due to TBOA-induced increase in perisynaptic glutamate that increased the activation of the inhibitory interneurons [53] . Because of the increase in molecular layer inhibition, TBOA also decreased the on-beam light phase (1.15 ± 0.5% to 0.81± 0.3% ΔF/F, F (1,4)= 8.5, p = 0.04). The TBOA significantly reduced the on-beam dark phase by 51% (−0.60 ± 0.46% to −0.29 ± 0.3% ΔF/F, F(1,4) =12.4, p =0.02). Therefore, while the results are consistent with a component of the on-beam dark phase being generated by the activation of EAATs on glia, this conclusion needs to be tempered by the confounding increase in molecular layer inhibition and changes in the on-beam light phase in the presence of TBOA.
Therefore, we next examined the effects of TBOA after blocking the postsynaptic neuronal components with the cocktail of glutamate receptor blockers as detailed above. The goal was to block the increase in the inhibitory bands due to accumulation of the glutamate. We also increased the concentration to 1 mM TBOA to counter the increase in extracellular glutamate due to the blockade of the GluRs. In these experiments, the TBOA resulted in a 71% reduction of the dark phase (−0.73±0.38% to −0.21±0.16% ΔF/F, F (1,4)=9.9, p=0.007, n=5; Fig. 4a-c , also see Fig. 2 ). As expected, the glutamate receptor antagonists greatly decreased the on-beam light phase (F(1,4)=13.6, p=0.003, Fig. 4a-b) . Similarly, the inhibitory bands were completely suppressed due to the GluR antagonists (data not shown, see Figs. 2 and 4a) . The field potential recordings (Fig. 4d) confirm that the postsynaptic response (N 2 ) was suppressed (8.0±10.7% of control, F(1,3)=674.7, p=0.0001, n=4). The presynaptic volley (P 1 /N 1 ) increased slightly but the by PF stimulation and bottom plots are the population data of the P 1 / N 1 and N 2 components for the control (blue), during (red), and washout periods (gold). Imaging data are from five mice and the field potential data from four mice change was not significant (127.8±24.9% of control, F (1,3)=7.2, p=0.075), demonstrating that the change in the on-beam dark phase cannot be due to a decrease in the parallel fiber volley. The results also support the hypothesis that the dark phase is generated, at least in part, through activation of EAATs by glutamate released from parallel fiber stimulation.
Manipulation of Metabolic Substrates
The next experiment replaced glucose in the bath solution with lactate, with the goals of maintaining an energy substrate for neurons while suppressing glycolysis, a primary energy source in glia [54] [55] [56] [57] . The increased extracellular lactate is expected to be transported into glia and neurons by MCTs following the concentration gradient [18, 19] . The lactate transported into neurons will maintain neuronal metabolic demands by fueling the TCA cycle and therefore, the hypothesis predicts that the on-beam light phase should remain intact. In the glia, the increase in lactate will suppress the conversion of pyruvate to lactate and the transport of lactate from the glia to neurons. The increase in lactate will also suppress glycolysis, causing a decrease in NAD + regeneration that further prevents anaerobic glycolysis [58] . The suppression of glycolysis should be accentuated in astrocytes, as the peripheral processes of these cells predominantly rely on glycolysis for cellular energy (see "Discussion"). If our hypothesis is correct, the on-beam dark phase should be eliminated.
Replacing glucose with 10 mM lactate in the bath Ringer's resulted in complete loss of the on-beam dark phase with little effect on the light phase ( Fig. 5a and b) . This effect is evident in the example images, time courses, and the population data. For the group averages, the dark phase of the autofluorescence signal was reduced from −0.55±0.19% ΔF/F to −0.01±0.06% ΔF/F after substitution of the lactate for glucose (F(1,5) = 53.8, p < 0.0003, n = 6). Washout resulted in complete recovery of the dark phase. There was no significant effect on the light phase 0.83±0.33% ΔF/F before lactate and 0.94±0.19% ΔF/F after lactate replacement, (F(1,5)=0.5, p=0.83). Replacing glucose with lactate reduced the inhibitory band response by 40% from −0.28± 0.09% ΔF/F to −0.17±0.05% ΔF/F (F(1,5)=16.0, p=0.007, Fig. 5c ). Lactate substitution did not alter either the parallel fiber volley (P 1 /N 1 : 103.6±8.7% of control, F (1,3)=1.1, p= 0.37, n=4) or the postsynaptic response (N 2 : 111.2±15.0%, F(1,3)=2.6, p=0.21, Fig. 5e ), demonstrating that the reductions in the dark phase and inhibitory bands were not due to alterations in cerebellar cortical excitability. As previously reported [6] , lactate substitution reduced the background fluorescence relative to the control (93.2±7.4% of baseline, F(1,5)=23.9, p<0.0002, n=6, Fig. 5d ), consistent with an overall reduction in flavoprotein oxidation.
These results support the hypothesis that the on-beam light phase can be supported by lactate alone, and is primarily generated by neuronal oxidative metabolism. Next, we investigated the effect of adding lactate (lactate supplementation) without removing the glucose from the bathing solution, testing the effects of 1, 2, 5, and 10 mM lactate supplementation (Fig. 6) . The estimated EC 50 of 114 mM confirms that the light phase is relatively insensitive to lactate levels as observed in the replacement experiment (Fig. 6a) . Conversely, the on-beam dark phase was markedly reduced by increasing the extracellular lactate (6.3±11.1% of baseline in 10 mM lactate, F(1,3)= 22.8, p=0.0002, n=4, Fig. 6b ). This high sensitivity to lactate is reflected in the 0.34 mM estimate of the EC 50 . The inhibitory bands were also significantly reduced by lactate addition to the bath media (51.2±16.8% of the control at 10 mM lactate, F(1,3)=11.0, p=0.0023). The EC 50 of 9.34 mM for the inhibitory bands was more than an order of magnitude greater than that of the dark phase, demonstrating a lower sensitivity and providing additional evidence that the decreased fluorescence of the inhibitory band signal is generated by a different mechanism than the on-beam dark phase.
In addition to lactate substitution, a similar experiment tested pyruvate substitution. The prediction was that, similar to lactate substitution, pyruvate substitution for glucose would reduce the lactate shuttled to neurons and suppress glycolysis but not block oxidative metabolism. As shown in Fig. 7a and b, the on-beam light phase was not changed (0.89±0.48% versus 0.81±0.40% ΔF/F, F(1,2)= 0.9, p=0.46, n=3). The dark phase was greatly reduced (−0.50±0.15% versus −0.05±0.15% ΔF/F, F(1,2)=49.5, p=0.02). In contrast to lactate substitution, the pyruvate substitution resulted in nearly complete suppression of the inhibitory bands (−0.19±0.02% before versus −0.00± 0.069% ΔF/F after pyruvate (F(1,2)=7.3, p=0.04, n=3). This may reflect that the inhibitory bands have a glycolytic component, as the increased pyruvate would be expected to suppress neuronal glycolysis. The time course of the flavoprotein signal was essentially similar to control with an intact initial increase in fluorescence, with a greatly diminished dark phase (data not shown). Background intensity was reduced to 91.6±1.9% of baseline (F(1,2)= 37.9, p < .0025, n = 3), similar to lactate substitution (Fig. 7c ). There were no changes in the presynaptic (103.1±14.1% of baseline, F (1,3)=0.1, p=0.74, n=4) or postsynaptic (100.1±16.9% of control, F (1,3)=0.4, p=0.60) components of the response to parallel fiber stimulation (Fig. 7d) .
Brain tissue is supplied with nutrients by both the blood and cerebrospinal fluid, so one can question whether manipulation of glucose levels by changing the concentration in the bathing solution in the optical chamber resulted in the desired change in metabolic substrates. Specifically, does the removal of the glucose in the chamber deprive the folium of this key metabolic substrate? Therefore, we tested the effects of 0 mM glucose on the optical responses compared to the 10 mM in the control Ringer's solution in six additional animals. The 0 mM glucose produced approximately a 50% decrease in both the light phase (from 1.4±0.18% to 0.63±0.10% ΔF/F, F(1,5)=19.1, p=0.007, n=6) and dark phase (from −0.61±0.42% to −0.33±0.38% ΔF/F, F(1,5)= 12.4, p=0.02). There was no significant change in the amplitude of the inhibitory bands (F(1,5)=0.06, p=0.8) . Therefore, removing the glucose in the chamber bathing solution produced a large reduction in the optical response, demonstrating the effectiveness of experiments in which glucose was removed and replaced with either lactate or pyruvate.
Blocking Monocarboxylate Transporters
A final test of the origins of the autofluorescence signal was based on blocking the transport of lactate into glia and neurons. Lactate transporters in both neurons and glia are blocked by 500 μM 4-CIN [59, 60] . The prediction is that blocking the transport of lactate into neurons would accentuate the light phase and suppress the dark phase. This prediction reflects that the lactate produced will be trapped in the glia suppressing both glycolysis and the dark 
amplitudes (mean±SD) of the P 1 /N 1 and N 2 components before (blue), during (red) and after lactate (gold) replacement. Imaging data are from 6 mice and the field potential data from 4 mice phase. The loss of lactate transport into neurons will decrease the available fuel for the TCA cycle and prevent reduction of flavoproteins in neurons resulting in an increase in the light phase. Whether the inhibitory bands are altered will depend on whether the decreased fluorescence is due to an increase in glycolysis and/or decreased oxidative metabolism.
The application of 500 μM 4-CIN (Fig. 8) converted the on-beam dark phase into a light phase (−0.34±0.15% versus 0.80±0.25% ΔF/F, F(1,5)=39.9, p=0.0001). There was also an increase in the on-beam light phase (0.54±0.21% versus 0.78±0.37% ΔF/F, F (1,4)=7.1, p=0.02, n=5) . The amplitude of the inhibitory bands increased from −0.20±0.06% ΔF/F to −0.31±0.08% ΔF/F (Fig. 8c, F(1,4)=5.0, p=0.04) . The changes in the optical response due to 4-CIN were not due to alterations in the excitability as there were no changes in the presynaptic (99.7±7.5% of baseline, F(1,3)=0.02, p= 0.90) or postsynaptic (99.9±11.7% of baseline, F(1,3)=0.50, p=0.57) response to parallel fiber stimulation. It should be noted that there was a graded increase in the background fluorescence during the approximately 15 min application of the 4-CIN; however, this was not accompanied by any changes in excitability. In contrast, longer applications (>20 min) did lead to further increases in background fluorescence and loss of the flavoprotein signals. This likely reflects the loss of metabolic substrates, specifically the lack of an adequate lactate supply.
Discussion
On-Beam Light Phase
Consistent with the hypothesis that the on-beam light phase is due primarily to oxidative metabolism in neurons, blocking ionotropic and metabotropic glutamate receptors suppressed the light phase without effect on the dark phase. The findings agree with the results from NADH fluorescence in the hippocampal slice in which the initial phase of the response to excitatory glutamatergic synaptic transmission is primarily due to oxidative metabolism in neurons [6, 22] . The time [4, 6, 10, 22, 61] . This supports the concept that the activation of oxidative metabolism in neurons precedes the activation of glial cells and glial glycolysis [22, 62] . The present results extend and clarify our early findings [1] by excluding the contributions of the inhibitory bands from the on-beam signal and by achieving a more complete block of neuronal activation using a cocktail of GluR antagonists.
The lactate substitution and supplementation results further support this hypothesis, as the on-beam light phase was unchanged and the dark phase was suppressed. The removal of glucose from the Ringer's in the substitution experiment reduces the substrate availability for glycolysis in both neurons and astrocytes. Furthermore, in both the replacement and supplementation experiments, the increased lactate in the bath will inhibit glycolysis while providing lactate for use in the TCA cycle [63] . Therefore, these findings demonstrate that the vast majority of the onbeam light phase is due to oxidative metabolism and that neurons can sustain oxidative metabolism using lactate, which is in agreement with the ANLS hypothesis [16, 24, 56, [64] [65] [66] [67] . The pyruvate substitution results have a similar interpretation.
Blocking MCTs with 4-CIN enhanced and prolonged the on-beam light phase and abolished the dark phase. These findings are likely due to 4-CIN decreasing the lactate transported into neurons and, therefore, the availability of pyruvate for the TCA cycle. This will interrupt the normal reduction of flavoproteins that occurs following their oxidation produced by neuronal activity. However, one caveat regarding the 4-CIN result is that it can decrease pyruvate entry into mitochondria [18] , which would also result in augmentation of the light phase and suppression of the dark phase. We interpret the enhanced light phase as the failure to generate reducing equivalents in neurons. As noted in the "Results", a longer duration exposure to 4-CIN leads to a loss of the flavoprotein signal. Although not thoroughly investigated, this finding is also consistent with the ANLS hypothesis. With the prolonged 4-CIN exposure, eventually, the available metabolic substrates in neurons are exhausted and without lactate there is a loss of neuronal function.
An important issue is whether Bergmann glia, the specialized astrocytes of the molecular layer, contribute to the light phase. Bergmann glia have AMPA/kainate [68] , NMDA [69, 70] and mGluR receptors [71] , and respond to parallel fiber stimulation with inward currents and increases in intracellular Ca 2+ and Na + [72, 73] . However, the inward currents and Na + influx in Bergmann glia resulting from glutamate released by parallel fiber burst stimulation is caused by activation of the glutamate/Na + transporter and is not due to activation of AMPA/kainate or NMDA receptors [73, 74] . Furthermore, NMDA receptor antagonists do not alter the light phase [48] and mGluRs could only provide a small contribution as 10-15% of the light phase is due to mGluR activation [48] . The Ca 2+ influx is limited to microdomains and mediated by nitric oxide [72, 75] . Therefore, the on-beam light phase is primarily due to oxidative metabolism driven by the postsynaptic activation of neurons.
On-Beam Dark Phase
The previous and present results support the hypothesis that the on-beam dark phase is due in part to activation of EAATs on glia. The longer latency and duration of the dark phase are consistent with the time course of glial activation in response to glutamatergic stimulation [20, 22, 62] . Also, the longer latency for the dark phase is consistent with the observed delay in the increase in lactate concentration that occurs with neuronal activation [57, [76] [77] [78] . Fluoroacetate, a glia-specific metabolic toxin, suppresses the on-beam dark phase [35] . Blocking EAATs greatly suppressed the dark phase, consistent with the ANLS hypothesis that the glutamate released from parallel fibers stimulates glycolysis in astrocytes via EAATs that activate plasma membrane Na + /K + ATPase [16, 49] . As discussed above, lactate/ pyruvate substitution or lactate supplementation will suppress glial glycolysis and production of lactate. All three manipulations eliminated the dark phase. Furthermore, 4-CIN abolished the on-beam dark phase, consistent with a build-up of lactate in astrocytes leading to a suppression of glycolysis and the production of reducing equivalents.
The TBOA results also suggest that activation of EAATs cannot be the sole mechanism responsible for the dark phase. At 300 μM and 1 mM, TBOA reduced the dark phase by 46% and 71%, respectively. Therefore, even at the highest concentration, the on-beam dark phase was not completely blocked. One possible contributor to the dark phase is the increase in extracellular K + that occurs with parallel fiber stimulation. An increase in extracellular K + would lead to production of reducing equivalents in neurons because extracellular K + stimulates glycolysis in neurons and astrocytes [20, 79, 80] . It has been well established that repetitive parallel fiber stimulation results in marked increases in the extracellular K + [81, 82] ; for example, 5 Hz stimulation for 30 s raises the extracellular K + concentration by 5 mM [81] . Another possible contribution is increased blood flow. In the cerebral cortex of the alert monkey, a large fraction of the dark phase is due to an increase in blood flow [42] . However, in the anesthetized animal, increased blood flow contributes only a small fraction of the flavoprotein signals in the cerebellar cortex [1] . Still, one cannot rule out a small hemodynamic contribution to the dark phase.
The results do not resolve whether the dark phase signal is due to the reduction of flavoproteins in glia via increased glial glycolysis or flavoproteins in neurons via glial-generated lactate that is shuttled to neurons as postulated by the ANLS. However, we propose that the major cellular source of the flavoprotein signal is neuronal [6] . In glia, oxidative metabolism is confined to the soma and large processes that harbor mitochondria [83, 84] . In contrast, glial peripheral astrocytic processes (PAPs) are too small to accommodate mitochondria and therefore, rely on anaerobic glycolysis [85, 86] . Bergmann glia PAPs cover Purkinje cell dendrites and spines [84, 87] . These appendages are small and contain few mitochondria [87] . In contrast, even the smallest dendritic branches of Purkinje cells have numerous mitochondria [88, 89] . Therefore, the flavoprotein signal likely originates predominantly in the dendrites of Purkinje cells and interneurons and not in PAPs of the Bergmann glia.
Inhibitory Bands
The decrease in fluorescence of the inhibitory bands was hypothesized to be due to decreased oxidation of flavoproteins and increased glycolysis in neurons [33, 35] . Therefore, the fluorescence decrease is postulated to be generated by different mechanisms than the decrease characterizing the dark phase. The inhibitory bands primarily originate in neurons as GluR antagonists (Fig. 2) and GABA A antagonists eliminate the inhibitory bands [33, 34] and fluoroacetate has no effect on the inhibitory bands [35] . Importantly, GABA uptake does not induce a metabolic response in astrocytes [41] . The hyperpolarization and decreased firing of Purkinje cells and molecular layer interneurons [33, 90] will result in the transient generation of pyruvate and other reducing equivalents, as well as a decrease in oxidative metabolism in already active cells, leading to a net reduction of mitochondrial flavoproteins.
While the results strongly suggest that a reduction in mitochondrial metabolism contributes to the inhibitory bands, the role of glycolysis is less clear. Both lactate and pyruvate substitution, which will reduce glycolysis, resulted in a decrease in the inhibitory bands without a change in excitability. The inhibitory bands were also diminished when lactate and glucose were supplied together (Fig. 6) . However, lactate addition was expected to primarily interfere with glial glycolysis. In agreement, the dark phase was completely blocked and demonstrated a much higher degree of sensitivity to lactate addition than the inhibitory band signal. This limited sensitivity is also consistent with a glycolytic component in the inhibitory band signal. The accentuation of the inhibitory band signal on blocking MCTs is also consistent with a glycolytic component because depriving neurons of a major substrate for oxidative metabolism could enhance glycolysis as cytoplasmic NADH and pyruvate are depleted. Arguing against this view is that removing glucose from the Ringer's did not alter the inhibitory bands. Additional experiments are needed to determine the role of glycolysis in the decreased fluorescence of the inhibitory bands.
Any interpretation of the changes in the inhibitory band signal in the experiments manipulating the lactate or pyruvate concentrations needs to take into account the decrease in the background fluorescence (i.e., redox state) [6] . The amplitude of the inhibitory bands is small and the decrease in the redox state may interfere with detecting small decreases in fluorescence. However, two observations demonstrate that this redox shift is not a major factor. First, the change in background fluorescence with lactate or pyruvate substitution did not affect the onbeam light phase. One would predict that the light phase should have increased if the change in background played a major role. Second, the larger amplitude on-beam dark phase was abolished with the lactate substitution but the smaller amplitude inhibitory bands were reduced by only 40%. Here, one would predict that the smaller inhibitory band signals would be more easily masked. These findings are not consistent with the interpretation that the fluorescence changes are due to a shift in the baseline redox state.
Summary
Neurometabolic coupling is central to brain energy metabolism and to understanding the bases of functional imaging techniques that exploit the coupling between neuronal activity, metabolism and/or blood flow [29] [30] [31] . This study was done in vivo as there is a widely acknowledged need to understand neurometabolic coupling in the intact animal [29] [30] [31] . Overall, the present findings are in agreement with the ANLS hypothesis [16] . This study shows that flavoprotein autofluorescence imaging provides a useful tool for investigating neuroenergetics, particularly in vivo, as well as mapping spatial patterns of neuronal activity [5, 33, 48, 61, 91, 92] .
